proposed design space the electrical conductivity was able to be increased by approximately three times the base conductivity through a combination of inorganic substitution and functionalization.
Introduction
The ability to tailor the properties of a material for a given task provides a tremendous materials framework that has a range of application. This is especially important in application such as photocatalyst [1, 2, 3] , where the material must embody several material attributes to perform tasks efficiently. In the case of a photocatalyst, the important attributes include but are not limited to porosity, photosensitivity, thermal stability, and electronic properties (mobility). A material system that has recently gained more and more interest as a result of the ability to tailor its material attributes are metal-organic frameworks (MOFs) [4, 5, 2, 6] .
Most noted attributes of MOFs are their higher area density of reaction sites compared to planar catalysts, their high uniqueness of reaction sites, and the ability to easily tailor optical adsorption properties [7, 8] . MOF-based structures contain both organic and inorganic portions that make up a crystalline porous network that can be manipulated to achieve different material properties [2, 6] . For this study, we will limit the design space to focus on a thermally stable UiO-66(Zr)-BDC MOF [9] and investigate the influence of different inorganic substitution and functionalization on the electronic mobility. More specifically, this study is interested in understanding how the electronic mobility can be modulated through modification of the material structure. To investigate and predict the electronic mobilities a Density Functional Theory (DFT) approach will be used determine the constitutive properties of a give MOF composition, followed by a Boltzmann based approach to predict electronic mobility [10] .
A difficulty with MOF-based synthesis is their design is a priori, this makes the synthesis route extremely important and often a difficult task, coupled with an endless design space which makes material selection a daunting but important task to upgrade photocatalysis device construction [8] . However, there are several methods of manipulating the structures post-synthesis in the case of a thermally Title Suppressed Due to Excessive Length stable UiO-66 based MOF that will allow more mobile charge carriers to be present in the structure. In fact, studies show that conductivity of MOFs can be altered by five to six orders of magnitude purely based on the implementation of funcationalization and or substitution [11, 12, 13] . The first approach, is to use an exchange method to substitutionally exchange the inorganic sites [10] . The inorganic site are sometimes referred to as knots or metalloid clusters are typically situated at the corners of the unit cell. In the case of this study, as pictured in Figure 1 , the base structure is comprised of Zr and these Zr atoms are able to be substituted for both Hf and Ti. The second common method of manipulating the electronic properties is to functionalize the organic portion of the MOF. As seen in Figure 1c-e the organic portion of the MOF is used as a linker between the organic knots. These organic linkers are typically comprised of sp2 bonded carbon atoms forming an aromatic terminated carbon chain, in the case of a UiO-BDC MOF with oxygen ions and finally the inorganic knot. This study will focus on three types of functionalization that include a hydrogen group, amino group (NH 2 , and nitro group (NO 2 . The photosensitive part of the MOF structure is the aromatic carbon chain this is due to the bonding nature of sp2 bonded carbon atoms. Studies have demonstrated optical absorption properties of MOF-based material to be tailor-able through functionalization from both experimental [14] and computational [15, 8] point of view that allowed band gap modulation of up to 1eV. The origin of the modulation is a result of a change in nature of the sp2 bonding when a functional group is attached to the aromatic carbon ring. Recent studies have gone as far to attribute the amino group attachment as an electron donor and the nitro group attachment as an electron acceptor [15, 8] . These findings demonstrate that functionalization results in decreased optical band gap [8, 10] and that the same functionalization may also directly/indirectly influence the mobility of the charge carriers for the given structure [8, 16, 17] . The attachment of functional groups is a straight forward method of modulating the optical absorption properties. However, the interaction of the functional group with the sp2 carbon turns out to be a complicated interaction. As mentioned For the cases where an MOF embodies intrinsic electron mobility combined with long-range order, as the case of a UiO-66 MOF, the carrier mechanism in these MOF materials is based on two dominate transport modes. The first mode is the mobility of delocalized electrons, which exhibit free electron like conduction (structure has continous states in reciprocal space) or electron tunneling. This is synonymous to the transport found in small length molecular junction. The second mode is a charge hopping mechanism, which is typical for truly organic materials that have extremely localized charges [19] . There is often a trade-off between these two mechanisms. At shorter molecular lengths, the transport is dominated by tunneling and at larger molecular lengths, the transport is governed by electron hopping. The first mechanism is the most interesting as you can take advantage of the delocalized π electron in the aromatic carbon ring by modifying their electronic environment through functionalization and inorganic substitution. It is noted by others [20] that the charge mobility as result of band type motion can be difficult because the charges are localized and the curvature of the bands are often flat. These flat bands are associated with high effective masses and resemble defect or localized states providing justification for using hopping theory. However, in the case of UiO-66, it has been found in previous studies [8] that the UiO-66 does exhibit band like motion with an effective mass along the short linker design.
Therefore, the mobility is hypothesized to be readily modulated by either functionalization or inorganic substitution.
Because these materials are a hybrid inorganic composition it is difficult to determine the exact mechanism for the conduction. Typically the mode of electrical conduction in these materials can be broken into several mechanisms. These modes include free electron conduction and electron hopping. Typically in inorganics and ionic conductors, the mode is hopping. It has been determined for the UiO MOF structure this material has semiconducting properties and has free electron conduction along the linkers [8] . By assuming free electron conduction this allows
Boltzmann expression based on Bardeen and Shockley's research [21] to be applied for UiO MOFs.
Material Design
The material selected for this study is a UiO-66(M)-R, [M=Zr, Ti, Hf; R=BDC, The thermal stability of this MOF has been experimentally determined to be as high as 300-400C. This lends itself well to the application of photocatalyst and thus the selection for this study. While it is beyond the scope of this study to elaborate on the experimental method for inorganic substitution and functionalization, this can be found in the following references [1, 22, 4] . force correction term [24, 25] was incorporated, which introduced some empiricism into the calculation. The scaling parameter (S6) was specified to be 0.75 and cut-off radius for the dispersion interaction was 200 angstroms. Both the ion and unit cell geometries were relaxed to a relative total energy less than 1x10 −10 and overall cell pressure of less than 0.5kBar. The reader should be made aware that pure DFT predictions of band gap are often under predicted due to the over-analyticity of the functionals and exchange-correlation terms. Therefore, the band gaps reported in this study should not be used as absolutes but used to study the trends. 
Mobility, Elastic Modulus, and Deformation Potential
The method used to obtain the mobility was to base this study on previous research [8] , which used a Boltzmann based relaxation time approximation (RTA) approach developed by Bardeen and Shockley for non-polar semiconductors [21] .
The MOF crystal in this study contains a center of symmetry and therefore is non-polar. In the case of polar crystals, polar optical phone scattering is often a dominating scattering mode and this theory is not appropriate. The Boltzmann expression developed by Bardeen and Shockley assumes the dominate scattering mechanism is acoustic phonon scattering with electrons. This is deemed the most likely dissipation model for these low modulus and size of the MOF structure, which is well structured for acoustic based phonon modes opposed to optical phonon modes. The phonon-electron scattering is accounted for in the Boltzmann expression by considering a 3D deformation potential. The deformation potential relates the change in the conduction band to a finite amount of strain associated with the acoustic phonon. The expression used to predict the mobility takes the following form,
here C 1 is the modulus, E 1 is the three-dimension (3D) deformation potential, m * is the parabolic effective mass or reduced mass, me is the mass of an electron, T is the temperature, and k B is the Boltzmann constant. The mobility is proportional to the scattering rate divided by the carrier's effective mass. The right portion of Equation 1 can be thought of as a closed form expression for estimating the electron-phonon scattering rate (τs), which is often the limiting scattering mechanism in single crystal materials. The assumption of phonon limiting scattering mechanism is phonon based dielectric studies of similar MOF materials [26, 27] .
The complex dielectric constant provides a macroscopic viewpoint of the dissipation. A near unity static or real portion of the dielectric constant [27] suggests that the charge carriers are highly directional and the Coulomb interactions are minimal. Additionally, nuclear magnetic resonance (NMR) studies [26] that provide an estimate of the complex portion of the dielectric indicates that there is a noticeable temperature dependence, which is governed by the phonon content.
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The effective mass (m * ) in Equation 1 was determined for the lowest unoccupied molecular orbital (LUMO) in previous studies for the UiO-66 structure [8] .
The effective mass relation, E =hk 2 /2m * , was fit to both of these minimums, the effective mass is determined to be 8.9me for both minimums. It will be assumed for this study that the effective mass is constant for all structures and only the band gap is modulated. It is also assumed that the majority carriers are electrons (n-type conduction).
Additional important parameters in Equation 1 are the modulus and acoustic deformation potential. The deformation potential relates a mechanical strain on the unit cell, in this case, a phonon or lattice strain to an electric scattering potential. More specifically, a 3D deformation potential provides a quantity for the probability of an elastic interband scattering of an electron with a phonon that conserves both momentum and energy. There is a trade-off between the mobility of the majority carrier and the phonon or heat production. The other critical parameter is the modulus of the material, which quantifies the resistance of the material to deformation provided a given lattice strain (phonon). Both of these parameters are typically used as fitting parameters within the Boltzmann based mobility calculations. The approach taken in the research is to use first principle approach to determine these parameters.
The modulus of the material, C 1 , can be related to the bulk modulus of the material. The bulk modulus of the material will govern the sound speed of the material and ultimately the acoustic phonon content. These acoustic phonons are required for interband transitions. To determine the modulus of the material, a series of DFT calculations were conducted that strained the unit cell along the <111> direction. Because the charge carriers of the material is not confined within a particular direction and the strain is oriented in all three crystallographic directions, the deformation potential will be 3D deformation potential.
To determine the modulus, a series of thirteen cases were set-up that range from -1.5% strain (compression) to +1.5% strain (tension). The strain is determined by the following, ǫ = ∆l/lo, where l is the stained length and lo is the original length.
The strain was applied in all three crystallographic directions and the ion positions are displaced along these directions. The original length (lo) is determined by the relaxed coordinate. A self-consistent field calculation was carried out for thirteen strain positions and the total energy was tabulated.
The modulus was able to be calculated by relating the total energy to the strain energy. The relationship used to related the volumetric strain energy takes the following form,
where E is the total energy,V is the volume, C 1 is the elastic constant, and ǫ is the strain.
It should be pointed out that a difficult aspect of conducting the inorganic substitution study was finding the most stable configuration for low concentration.
This is because at low concentrations there are several possible positions for the ion to lie within the primitive unit cell. Referencing the illustration in Figure 1b , there are six possible positions for Zr, Ti, or Hf to occupy. The approach taken in this study follows the procedure of previous investigation [10] and uses a brute force method to find the minimum configuration. This resulting in nearly 729 relaxation trials that had to be executed for each functionalization case. Based on these relaxations, 28 points remain across the compositional space, as will be seen in the following ternary plots in the Results and Discussion Section. While this approach is tractable for three element configurations, anything beyond this becomes too time-consuming. This is an area of current interest where statistical based sublattice methods could improve the throughput of these combinatorial DFT studies.
Results and Discussion
Once the most stable configurations were found using DFT unit cell relaxation method, this configuration was used for the remainder of the DFT calculations that will be discussed in this section. The modeling procedure outlined in the previous section highlighted the parameters necessary to predict the mobility. Using this method the critical parameters were calculated at 28 points throughout the design space that was bound by the three inorganic compositions and the three functionalizations. only for the UiO-66-NH 2 functionalization case. The black dots in both of the sub-figures denote the 28 design points that were calculated. The color contours are interpolated between each of these points. Figure 2a is the associated elastic modulus parameter, C 1 . The lowest modulus is associated with the fully substituted titanium based structure with values of 3.26GPa. However, the maximum modulus is between a composition of UiO-66(Hf 5 Zr 1 ) and UiO-66(Hf 4 Zr 2 ), with a value of 3.38GPa. The associated range across the entire design space is 0.12GPa, which is no more than 4% change. This low variability suggests that the modulus is not heavily influenced by the composition of the inorganic knots but rather the compliance of the organic linkers that connect the knots. While the mobility is not significantly influenced by the functionalization and only moderately by the inorganic substitution there would be a much larger change in the conductivity. The expression that governs the conductivity takes the following form, σ = qµη, where σ is the electrical conductivity, µ is the mobility, and η is the electron density. The electron density could be approximated by integrating the Fermi function and the density of states which takes the form of,
where g(E) is the density of states (DOS), f D (E) is the Fermi-Dirac distribution under the assumption that temperature is at 300K, and E f is the Fermi energy.
The DOS values are attained from the results presented in previous studies [15, 8, 10] that discussed in-depth inorganic substitution and structure func- which has been experimentally confirmed [10, 11, 28] . The location of the band edge will significantly influence the electron density.
For smaller band gaps this value will significantly increase resulting in a substantial increase in conductivity. Table 2 shows the calculated electrical conductivity for the MOF compositions, and that the UiO-66(Ti)-NH 2 has the highest conductivity even though it has the lowest mobility. This high conductivity is a result of the small band gap that allows for higher concentration of charge carriers. In the case of these materials as presented in Table 1 and Table 2 , UiO-66(Ti) has the lowest band gap, therefore would have the largest charge density even though this MOF had the lowest mobility. It is noted that BDC-NH 2 has the highest concentration due to the smallest band gap attribute for this functional group as seen in Table 1 .
The increase carrier concentration is a results of the BDC-NH 2 donor nature that influences the LUMO states and results in a smaller band gap. Overall, comparing the lowest conductivity MOF calculated (UiO-66(Zr)-NO 2 ) and the highest (UiO-66(Ti)-NH 2 ) there is nearly a three times increase in conductivity over the design space.
By being able to to control the mobility and charge concentration allow the conductivity to be controlled for MOF structures using a systematic approach.
Functionalization gives the ability to tailor the band gap of MOFs, which allows the influences not only the of light absorption characteristics but also the free elec-tron charge concentration in the structure. Additionally, the composition of the inorganic clusters does influence the band gap and charge concentration but more significantly influences the mobility as a results of modulating the electron-phonon scattering behavior of the structure. This result provides an avenue for using structural modifications of MOF materials to obtain similar trends as moderately doped semiconductors. With the design space of MOF increasing tremendously there are is a requirement to understand how the electrical properties can be modified and potentially increase enough to compete with inorganic semiconductors.
Conclusion
In this studies a DFT method was used with a relaxation time approximation to predict the electron mobility for three different inorganic knots and three types of functionalization. Findings confirmed that the inorganic substitution can be used to modulate the electron mobility in UiO-66 MOF structures. The deformation potential or the electron-phonon scattering potential can be altered by as much as 30% over a continuous design space between UiO-66(Zr), UiO-66(Ti), and UiO-66(Hf). The elastic modulus does not significantly change by inorganic substitution or functionalization in a UiO-66 MOF structure. Therefore, the mobility was found to follow a similar trend as the deformation potential with UiO-66(Hf 5 Zr 1 ) achieving the highest mobility with a value of approximately 1.4x10 −3 cm 2 /V-s. While the highest mobility was achieved for a Hf-Zr based MOF the highest electrical conductivity was associated with a Ti because of the increased charge density associated with lowest band gap. Ultimately, this research has identified inorganic subsitituion as a mechanism for controlling the mobility and functionalization a mechanism for controlling conductivity. 
